. Control of rates of temperature change in those species studied was dependent on changes in the rate of endogenous heat production and/or the rate of circulation of blood between the core and the periphery. While a considerable body of information on thermoregulation in lizards has appeared, there is a paucity of studies concerning temperature regulation in turtles. The present study was undertaken to determine if turtles can control rates of heat exchange physiologically in a manner similar to that seen in lizards.
METHODS

Measurements
were made on I1 individuals of three species with a weight range from 349 g to 4.0 kg (Table 1) . The animals were obtained from a commercial supplier, and the aquatic species (Pseudemys jloridana and Ghelydra serpentina) were kept in N-gal glass aquaria half-filled with tap water. A single Geochelone carbonaria was housed in a dry aquarium for 1 week prior to study. The animals were maintained at room temperature (21-25 Cl and were not fed.
Heart rates and rates of body temperature (Tb) change were measured as turtles were heated from 10 to 30 C and cooled from 30 to 10 C in both air and water. Body temperature was measured with a thermistor probe which was inserted through a small hole in the plastron and held in place with Silastic adhesive (Dow Corning Corporation). The thermistor tip was positioned near the heart. Heart rates were recorded from three silver plated electrodes which were arranged in a triangle on the carapace and held in plate with Plasticine modeling clay. Electrical contact between the electrodes and carapace was achieved by filing through the scales until the underlying bone was exposed. Both heart rate and Tb were recorded continuously with a Grass model 7 polygraph.
Heart rates and rates of Tb change during heating and cooling in water were measured by placing turtles in a controlled-temperature bath maintained at 30 C (kO.5 C) during heating and 10 C (&O,S C) during cooling. A constant, but unmeasured, rate of water circulation was provided by a Bromwell pump, during both heating and cooling, to assure thermal mixing. Turtles were restrained to a cast-iron baseplate with two l-inch-wide strips of adhesive tape. A 2.5-cm-thick foam rubber pad, the pores of which were water filled, was inserted between the turtle and the baseplate to minimize heat transfer between them. The weight of the plate kept the turtles submerged, and the water level in the temperature bath was adjusted so that by extending its neck the turtle could breathe. Rates of Tb change during heating and cooling in air were determined on turtles, restrained by leg ties to a wooden stand, in a prone posture. The turtles were supported on two l-inch-square parallel beams anchored to the base of the stand by ZO-inch wood braces. The arrangement exposed a maximum of the animals' surface to convective heat transfer while minimizing conductive exchange. The turtles were placed in a controlled temperature-humidity cabinet which had a volume of 60 ft3 and received air at the desired temperature and humidity from an Aminco-Aire control unit. The Amico-Aire unit is capable of supplying conditioned air controlled within ~0.5 % relative humidity and +0.2 C dry bulb temperature, at a rate in excess of 100 ft3/min. The output from the scaler analyzer was conver #ted in .to count rate by a Nuclear-Chicago 1620-A rate meter. The count rate was recorded continuously by a Bausch and Lomb model V.O.M.-8 pen-writing recorder which operated in a logarithmic mode. The detector was mounted on an adjustable stand at a distance of approximately 10 cm from and normal to the injection site. Assuming complete diffusion equilibrium between blood and the interstitial fluid of the carapace or subcutaneous space, at all levels of blood flow, the rate of washout of la3Xe should follow a monoexponential curve. The assumptions and sources of error in this method have been discussed by Kety (W, and Lassen et al. (15, IS) analyzed the advantages of using 133Xe to estimate local blood flow. If the partition coefficient of 133Xe between the tissue and blood is known, blood flow can be calculated in terms of millimeters per minute per 100 g of tissue (2 I). However, the partition for coefficient data were doubling of the rate of washout of the isotope represented a 133Xe in reptiles is not known; therefore, the terpreted qualitatively by assuming that a in 100 % increase in blood flow. The rate of washout, for any particular situation, was calculated as the half-time for removal of the iso tope from the injection site. The rate of washout of 133Xe from the carapace and subcutaneous space was determined, in response to local heating and cooling, in one P. cfEoriduna (3,820 g) and two C. se@entina (I, 120 g and 2,540 g).
Heart rates and rates of temperature change during heating and cooling following treatment with atropine, were compared
with control values by a t test for paired observations. The ratios of cooling to heating were not treated statistically since we have found no statistical tests for treating ratios of two variables.
RESULTS
Rates of heating and cooling were compared by calculating the instantaneous change in body temperature (expressed as "C/ min) at 20 C, the point at which the difference between Tb and ambient temperature (Ta) was 10 C during both heating and cooling, from the equation:
where S is the slope of the line relating the difference between Tb and Ta to time, AT is the difference between Tb and T, at the point of evaluation (in this case AT = IO C), and 2.303 is the base of the natural logarithms.
The slope was determined from a semilogarithmic plot of the difference between Tb and T, versus time by the method of least squares (Fig+ 1). Since the relation between AT and time was seldom linear over the entire range only those points which approximated a straight line and included the value at AT = 10 C were used for the calculation of the slope. The relative difference between rates of temperature change during heating and cooling was compared by calculating the ratio of cooling to heating at AT = 10 C.
Ra tes of temperature than ge of tur tles in water were almost always greater during heating than during cooling, while turtles generally cooled faster than they heated in air (Figs. 1 and 2; Table 2 ). Rates of heating and cooling of dead turtles were not determined.
We assume that they are equal as was found to be the case in Amphibolurus barbatus (1) and Di&sosuurus dorsalis (23).
Rates of body temperature change during heating and cooling in air averaged, respectively, 0.14 and 0.26 that of the rates in water, reflecting the higher specific heat of water. During heating in air Tb did not reach T, but remained a mean of 2.9 C (range : 1.8-3.7 C) below T,.
The rate of temperature change of turtles during cooling in water is inversely related to body weight (Fig. 3) . The correlation caefficient for the least-squares regression equation relating rate of cooling to body weight is 0.77 which is significant at the 5 % level. Significant correlation was not obtained for least-squares regression lines relating rate of temperature change to body weight under other conditions (Table 3) . * V Heart rates. During heating and cooling heart rate changed in an irregular manner. The relationship of heart rate to Tb was more nearly linear in C. serpentina than in P. Juridana (compare Figs. 1 and 2 ). Apneic periods were generally associated with low heart rates while the active ventilatory -phase was associated with high heart rates.
During heating, P. Jloriduna showed a strong negative 17 C, heart rate increased with a Qlo of 3.8, while above 17 C chronotropism which was atropine sensitive (Fig. 1) . During the Qlo was 1.3, During cooling, the Qlo relating heart rate heating, the mean value of heart rate in C. seq?entinu into Tb was 2.6 over the range 12-16 C and 1.6 over the range creased in an irregular manner (Fig. 4) . Between 1.1 and 17-30 C (Table 4) . Heart rates were significantly higher In C. ser~entina, blockade of the parasympathetic cardiac nerves with atropine sulfate (0.5 "g/kg, ip) resulted in significant increases (a < 0.05) in heart rate, cornpared with control levels, at 28 C and 29 C during heating, and at all temperatures above 20 C during cooling (Fig. 5) . In atropinized turtles, heart rate increased during heating with a Qlo of 2.4 between 1 I and 18 C and a 0-10 of 1.7 between 18 and 29 C. During cooling, the c&o relating heart rate to Tb was 2.3 over the tenlperature range 12-22 C and 1.8 over the range 22-30 C (Table  4) . Treatment with atropine did not significantly affect rates of temperature change (Table 5) . Curupace and skin blood @w. The sequence of results from a typical experiment in which the skin of the hindleg was heated is presented in Fig. 6 . After the application of heat, the subcutaneous temperature and rate of clearance of 133xe increased while heart rate and Th remained unchanged.
There was a mean time lag of 2.7 min in C. serpentina and 0.6 min in P. Jloridana after the initiation of heating before an increase in cutaneous blood flow occurred. Upon heating, the rate of washout of 133Xe from the subcutaneous space increased 57 % in P. $oridana and 46 % in C. serpenlina. The percentage increase in cutaneous blood flow appears to be independent of the rate of heat input (Fig. 6 ). After heating, the rate of washout of isotope returned to 93 % of the preheating or control level (mean time lag 0.5 min) in P. jloriduna and 69 % of the control level (mean time lag 2.4 min) in C. serfientina (Table 6) .
Carapace blood flow showed responses to heating and cooling which were qualitatively identical to those seen in skin. However, the rate of clearance of la3Xe from the carapace was approximately one-fourth that of skin in both C. serbentina and P. jloridana and the time lags before changes Tb is body temperature, T, is subcutaneous temperature at site of isotope injection, and HR is heart rate in beats per minute.
Half-times for clearance are indicated for portions of curve. Shaded portions of bar at top of figure indicate time when heat lamp was on.
Values
are means. R = number of observations.
in carapace blood flow occurred were longer than those of skin (Table 6) . As a control, rates of isotope clearance from carapace and skin were determined on one dead turtle. Clearance rate of 133Xe was as much as 20 times slower in the dead turtle and showed no changes in response to heating and cooling.
Although there is variability in the data the consistent features are: I) changes in carapace and cutaneous blood flow in response to heating or cooling take place locally and are independent of changes in heart rate or Tb, 2) heating results in an increase in blood flow, and 3) cooling results in a decrease in blood flow.
DISCUSSION
The observation that, in water, rates of heating may exceed rates of cooling by as much as 49 % suggests that some by 10.220.32.247 on July 9, 2017 http://ajplegacy.physiology.org/ the observation that Tb did not reach T, but remained an average of 2.9 C below T,. This depression in Tb is far above that expected for other reptiles and below that expected for amphibians at the same humidity (12). C. se~~entina and P. Joridana appear to have rates of EWL intermediate between those of amphibians and other reptiles. We found that in the terrestrial form, Geochelone carbonaria, rates of heating exceeded rates of cooling in air in contrast to the aquatic species studied. The observation of , that the rate of EWL of the aquatic turtle, P. scripta was around 10 times that of the terrestrial Gopherus agassisii (19), supports the contention that EWL in aquatic turtles is a major factor determining rates of heating and cooling in air while this factor is of less importance in terrestrial forms such as G. carbonark Heart rate of a number of lizards is higher during heating than during cooling when animals are at the same body temperature (1, 2, 4, 22) . The relationship of heart rate to Tb during heating and cooling in turtles is complicated by the strong dependency of heart rate on respiratory state. Respiration in turtles typically involves periods of active ventilation separated by relatively protracted periods of apnea during which heart rate declines until ventilation is again instituted (5, 24) . The partial dependency of heart rate on respiratory activity resulted in a high degree of variability in the relationship of heart rate and Tb in our study.
Both in control and atropinized C. serpentina, heart rate was more sensitive to temperature change below about 20 C, as reflected by higher Qla values at the lower temperatures. A similar increase in Qlo at lower temperatures is seen in many species of lizards (11). There was, for C. serpentha, a significant difference in heart rate during heating and cooling only at 20 C. Atropinization resulted in a significant increase in heart rate during cooling at all Tb values above 20 C; however, there was no associated increase in rate of Tb change. Hence, rates of Tb change in C. serpentha do not appear to be obviously related to heart rate. A similar lack of dependency of rates of TI, change on heart rate has been demonstrated for Dz'psosaurus dorsalis (22). Metabolic heat production and/or circulatory adjustments have been implicated in the control of heat exchange in Amphibolurus barbatus (2) The suggestion that circulatory factors are involved was based, in part, on the observation that heart rates were higher during heating than during cooling at comparable Tb values. Studies on the Galapagos marine iguana, Am blyrhynchus cristatus (17) and the desert iguana, Dz'psosaurus dorsalis (10, 22), have shown that cutaneous blood flow increases during heating and decreases during cooling and that such changes may be independent of changes in heart rate or Th. It was suggested that heart rate changes seen during heating and cooling are based, in part, on reflex responses to shifts in circulating blood volume REFERENCES The cooling rate of turtles in water is inversely related to body weight. A line fitted by the method of least squares to the cooling rates where AT = 10 C has an equation similar to one found for A. crz'status (1). The slope of the line is much greater than that which would be expected (-0.33) if the cooling rate were determined only by surface-to-volume relations and all the turtles had similar proportional dimensions.
The slopes of lines relating rates of temperature change of turtles in air to body weight are lower than -0.33. The lack of significant correlation for lines fitted to rates of temperature change versus body weight determined for conditions other than cooling in water may be due to the relatively narrow weight range of the animals and the small sample size.
Published data on Tb of turtles do not clearly indicate whether turtles maintain Tb near some "preferred" mean temperature as do many lizards and snakes. Turtles of the family Emyidae are reported to frequently bask in the sun. Basking does not appear to characterize the family Chelydridae although C. serpentina, is often observed in warm shallow waters (8). Both Chrysemys picta and P. scrz"ta are reported to achieve Tb's significantly above both air and water temperatures when provided with artificially illuminated basking sites (7). Aside from its possible role in thermoregulation, basking has been suggested to subserve other functions related to the health of the integument (7, 9, 18).
Our study demonstrates that turtles possess physiological responses for increasing the rate of heat gain and decreasing the rate of heat loss. 
